Properties of polymer based nanocomposites reply on distribution, concentration, geometry and property of nanofillers in polymer matrix. Increasing the concentration of carbon based nanomaterials, such as CNTs, in polymer matrix often results in stronger but more brittle material. Here, we demonstrated the first three-dimensional (3D) printed graphene oxide complex structures by stereolithography with good combination of strength and ductility. With only 0.2% GOs, the tensile strength is increased by 62.2% and elongation increased by 12.8%. Transmission electron microscope results show that the GOs were randomly aligned in the cross section of polymer. We investigated the strengthening mechanism of the 3D printed structure in terms of tensile strength and Young's modulus. It is found that an increase in ductility of the 3D printed nanocomposites is related to increase in crystallinity of GOs reinforced polymer. Compression test of 3D GOs structure reveals the metal-like failure model of GOs nanocomposites.
Introduction
3D printing, more commonly known as additive manufacturing (AM) [1] , is a collection of emerging technologies that create three-dimensional (3D) objects from the bottom to top by adding material in a layer by layer basis. Since AM can directly fabricate a product from 3D digital models, it has been widely recognized as a disruptive manufacturing technology for a wide variety of applications and consequently hailed as the third industrial revolution [2] . However, despite tremendous effort and significant progress made in AM, a number of technical challenges still remain. In a recent NSF workshop [3] on developing the roadmap for AM, the limited material selection has been identified as one of the key barriers and challenges which has to be addressed for current AM processes and machines. The majority of materials used by current AM techniques are polymers, though some metal or ceramic materials are used in some high end machines [4] . The weak mechanical property of the polymer and poor surface quality of the metal parts has severely hindered the further progress of AM technology. Paralleling the development of AM technology during the past decade, significant efforts have also been devoted to the development of polymer nanocomposites. By incorporating nano particles into polymers, the nanocomposites exhibit significantly improved mechanical, thermal, optical or other properties [5] .
On the other hand, graphene, a single layer of sp 2 hybridized carbon atoms forming a 2D hexagonal lattice, has a breaking strength 200 times larger than that of steel and a Young's modulus of 1 TPa [6] [7] [8] . It has been applied to improve properties of polymers, including mechanical properties [1, [9] [10] [11] [12] [13] [14] [15] [16] [17] , electrical properties [18] [19] [20] , thermal properties [1, 21, 22] , optical properties [23, 24] , electromagnetic interference shielding [25, 26] and barrier properties [27] [28] [29] .
The design and behavior of polymer nanocomposites mainly depend on the aspect ratio of nanofillers, percolation threshold and interfacial property of nanofiller and matrix [7] . Dispersion of nanofillers is crucial for the properties of polymer nanocomposites. The mechanism for the interaction in graphene/polymer nanocomposites relies on the polarity, molecular weight, hydrophobicity, reactive groups, etc [20, 30] . Nanocomposites' properties will be maximally reinforced by a well dispersed state [8, 16, 17, 31] . Therefore, large efforts have been focused on achieving a homogeneous and well dispersed graphene/GO in polymer matrix [32] . Three strategies have been applied to prepare graphene/ polymer or GO/polymer:
(a) In situ intercalative polymerization. In this method, graphene or GO is first swollen in the liquid monomer, then a suitable initiator is diffused and polymerization reaction proceeds by heat or radiation [30, 32] . (b) Solution intercalation. Three steps are involved in this method: dispersion of graphene or GO in a suitable solvent, addition of polymer and removal of the solvent [32] . Graphene or GO can be dispersed in various solvents, which can be water, acetone, chloroform, tetrahydrofuran, dimethyl formamide or toluene, by ultrasonication [30, 32] . Graphene or GO sheets are delaminated by breaking the weak forces that stack these layers together, and the polymer then is adsorbed onto these sheets [33] . The separated graphene sheets sandwich the polymer to form a nanocomposite by removing solvent, which is crucial for the properties of nanocomposites [34] . Entropy increase by desorption of solvent molecules is the driving force for polymer intercalation, which compensates the decreasing entropy of intercalating polymer chains [30] . It means large quantity of solvent molecules need for desorbing from graphene or GO sheets to accommodate incoming polymer chains [35] . The main advantage of this method is introducing low or even no polarity during synthesis process. (c) Melt intercalation. Graphene or GO is mechanically mixed with thermoplastic polymer at elevated temperatures by extrusion or injection molding [36] [37] [38] . Nanocomposites are formed by intercalating or exfoliating polymer chains. This method is solvent free.
Graphene or graphene oxide reinforced polymer composites have been under intensive investigation. Rafiee et al revealed the significant fatigue life increase in graphene nanocomposites [10] . Yavari et al reported that graphene reinforced polymer composites have best fatigue life when compared to single wall carbon nanotube composites, multiwall carbon nanotube composites and glass-fiber/epoxy composites [39] . The ultimate strength of a 1 wt.% functionalized graphene sheet reinforced PMMA increased by 20% [1] . The tensile strength of 0.9 wt.% of graphene reinforced polystyrene (PS) increased by 69.5%. Zhao et al investigated the tensile strength of 1.8 vol.% graphene reinforced poly (vinyl alcohol) and observed around 150% increase [13] . Significant improvement (2.2 folds) of tensile strength was achieved by adding 0.1 wt.% of graphene oxide into prepare nylon-6-(PA6-) [15] . However, all the graphene composites had a big loss in ductility.
In this research, we investigated the printing of reinforced photopolymer parts by incorporating the advanced nanofillers (graphene oxide) and the accurate AM process (stereolithography). Nanofillers have been added into photopolymer by the solution intercalation method. Stereolithography processes involved selective curing of predeposited photopolymer using some type of light source. Two primary configurations, namely, vector scanning based and mask projection based styles have been commonly used in practice. The vector scanning based system has relatively high precision. Sandoval, et al [40, 41] exploited multi-walled carbon nanotubes (MWCNT) reinforced photopolymer in vector scanning based stereolithography. The experimental results show that a small concentration of MWCNTs can result in significant effects on the physical properties of the photopolymer resin. A MWCNT concentration of 0.025% increased the ultimate tensile stress (TS) and fracture stress (FS) on average of 5.7% and 26% respectively. Increasing the MWCNT concentration to 0.1% resulted in increase in TS and FS of 7.5% and 33% respectively. However, the addition of MWCNTs in the resin resulted in a more brittle material. The nanocomposite specimens experienced a decrease in elongation by ∼28% compared with the pure resin. In this paper, we report a method to print 3D GOs polymer composite with significant improvement in tensile strength without sacrificing ductility. In addition, a novel fracture phenomenon of 3D printed truss architecture under compression test will be firstly revealed.
Experimental section

Materials
Single-layer graphene oxide (SLGO) was supplied by Cheaptubes Inc. The size range of SLGO at X-and Ydimensions is from 300 nm to 10 μm and the thickness range is 0.9±0.2 nm measured by AFM [8, 17] .
Dispersion GO in polymer
The expected weight amount of SLGO was dispersed in acetone (100 ml acetone with 0.1 g SLGO) by applying an ultrasonic separation (VWR B1500A-DTH) for 2 h in ice bath [10] . The polymer resin (Pic 100 from EnvisionTEC) was added to the suspension and sonicated for another 2 h in an ice bath. After that, the acetone was evaporated by heating and stirring by a Teflon-coated magnetic stir for 12 h at 70°C.
3D printing
In a mask projection based stereolithography (MPSL) system, the light energy of the whole working area can be controlled simultaneously and dynamically. Therefore, compared with the vector scanning process, where only one dot is used as the light source, the MPSL process can be much faster especially for complex shapes [42] . In this study, we investigated a bottom-up MPSL process for tailoring the mechanical properties of photopolymer resin by dispersing controlled amount of graphene. In this process, the 3D digital model of an object is firstly sliced by a set of horizontal planes. Each slice is then converted into a two-dimensional (2D) mask image. The related mask images are then sent to the projection devices such as a digital micromirror device and projected onto a resin surface such that the liquid resin can be selectively cured accordingly to the mask image to form the layer of the object. By repeating the process, 3D objects can be formed on a layer-by-layer basis. As shown in figure 1(a) , the bottom-up process projects the image from the bottom of a transparent vat. A super elastic intermediate media is applied at the bottom of the vat in order to facilitate the separation between new cured layer and the vat. Compared with top-down process, bottom-up process provides several advantages associated with the nanocomposite 3D printing process [43] : since the new cured layer is constrained between the previous layer and vat bottom, much smaller layer thickness can be achieved, which can consequently compensate the reduced curing depth due to the increased diffraction index of the nanoparticles. Therefore, much higher vertical resolution and better surface quality can be accomplished. (2) The vat depth is independent of the part height. Thus a shallow vat can be used to reduce the required volume of the liquid resin as well as the nanoparticles, allowing for testing of multiple nanomaterial concentration without the need of contamination and material waste. (3) Recoating is achieved by constraining the resin between the previously cured layer and resin vat. Hence no additional sweeping is needed to flatten the surface, which in turn dramatically improves the fabrication speed. A typical pure polymer part and a graphene reinforced part built by this process are shown in figure 1(b).
Microstructure characterization
Transmission electron microscope (TEM) observations were carried out by a JEOL JEM 2100F TEM operated at 200 kV. The point-to-point resolution is 0.19 nm.
Mechanical property testing
The tensile and compression test were conducted on MTS 100 machine.
Results and discussion
Tensile test
To investigate the strengthening effect of GOs on a 3D printed component, we printed tensile test samples under different printing conditions. The tensile test results are shown in figure 2(a) . Tensile strength of polymer is 8.939 MPa and the strength increased to 11.168±0.565 MPa and 12.992±0.656 MPa by integrating 0.2 wt.% and 0.5 wt. % GOs. The test results increased 24.9% and 45.3% by 0.2 wt.% and 0.5 wt.% of GOs, respectively. The tensile strain of 3D printed composites was 0.142±0.008 and 0.170±0.036, which retained a good ductility when compared to the pure polymer (0.188). The 3D printed polymer and composites were heat treated in a furnace at 60°C for 6 h and then increased to 110°C for 6 another hours. The tensile strength of both were increased, which are 13.554 MPa and 14.497 MPa. The strain were also increased to 0.240 and 0.212, respectively. The strength of printed composites increased 62.2% and even the strain increased 12.8% form the printed polymer. The tensile test results had a great increase in both strength and ductility, showing the 3D GO-reinforced structure have better mechanical performance than pure polymer structures.
Strengthening mechanism
We studied the strengthening mechanism of GO-composites.
The force, F , B required for the failure of GO nanocomposites can be expressed as [44] :
where P s is the matrix tensile strength, A bulk is the area of the bulk component of the facture surface, shear s is the polymer shear strength and A interface is the area of the interface component of the fracture surface. In addition, C s is the nanocomposite tensile strength and A is the cross sectional area of the substrate.
The volume fraction of GOs can be written as:
where V GO is the total volume of GO, N is the total number of GO, r GO is the average radius of GO, h is the thickness of GO and V is the total volume of the nanocomposites. Each GO sheet can be considered as occupying a certain volume of the nanocomposite, this volume per GO, V M GOcan be found by re-arranging equation (3):
If we model the volume per GO as a cubic solid with the height of 2r GO (z direction) and the values at x, y direction are considered as a when we assume the GOs are randomly aligned in the cross section of the rectangular solid, we have:
Combining equations (3) and (4):
We can assume we have n GOs in the cross section, and n is given by:
If we cut the certain volume of nanocomposite at z direction randomly, we would cut the GO with a cross section value from 0 to r 2 . GO The average area of the cross section is r 2. where α and θ are the average angle of random GO at x and z direction, the average angle is 45°. Combining equations (3), (8), (9), and (10), we have:
Modification of Halpin-Tsai model
Several well-known models, e.g. Voigt [45] and Reuss [46] models, have been proposed based on rule of mixture 'ROM' and used to evaluate the properties of composites. Later on, there are several semi-empirical models have emerged to correct the ROM model where correcting factors are introduced, including the modified rule of mixture, the HalpinTsai model [47] and Chamis model [48] . The Halpin-Tsai equations are based upon the 'self-consistent micromechanics method' developed by Hill [49] . It has been widely used in calculation of composites with various types of reinforcing phases. It is suitable for semicrystalline polymer matrix composites, by 3D printing in this work, in that the model assumes constructing a material having isotropic mechanical properties from layers or plies of a material which has anisotropic mechanical properties. The modified Halpin-Tsai model for 2D graphene oxide enhanced polymer composite can be written as:
where E , G E GO and E M are the tensile Young's modulus of the composite, GO and matrix, respectively. The Young's modulus of the polymer measured by experiment is 50.8 MPa. Suk et al found that the Young's modulus of GO is layer number related [50] . The Young's modulus of monolayer, two layer and three layer GO membranes are 207.6±23.4, 444.8±25.3, and 665.5±34.6 GPa [50] .
Differential scanning calorimetry (DSC)
DSC was conducted in order to measure the morphological properties of 3D printed composites. Figure 1(b) shows a melting peak of polymer in the region of 250°C-270°C. It is needed to notice that the crystallization of pure polymer is around zero. The crystallinity peaks, appearing with increasing the weight ratio of GO, suggest that each GO has a crystalline coating, which agrees with previous reports [44] . The GO-nucleated coating can be assumed to be a sandwich coating, assuming GO is circular with certain thickness. The composite crystallinity, χ, can be written as a function of the number, M, of GO in the composite:
where V 0 is the volume of crystalline regions not associated with GOs, r GO is the average radius of GO, h is the thickness of graphene oxide, V is the total volume of nanocomposites. The total volume of GOs is defined by:
Combining equations (11) and (12), we have:
The slope in equation (13) can be fitted to the data of crystallinity and gives a value b/h of 56.87, where h is, provided by the manufacturer, 0.95±0.25 nm. The average value of b is 54±14.2 nm. The crystallinity propagates a large distance from the GO surface, which means that the GOs interact with crystalline polymer surface. In the other turns, it also means the crystalline coated GOs are embedded in the polymer. The total polymer-GO binding energy can be maximized by this virtually complete polymer coating [51] . This will be beneficial for the interfacial load transfer [52] . The generated crystalline explains the high ductility performance of 3D printed GO nanocomposites.
Cross-sectional microstructure TEM was used to characterize the internal microstructure, especially the GO distribution in polymer, of the 3D printed nanocomposites. Figure 2(c) shows GOs are vertically distributed in the cross section. Figure 2(d) shows wrinkled GO on the edge of TEM sample, where the dark part is marked as the polymer matrix. Figure 2 (e) shows GO lies in the plane of TEM sample. The GO is not fully flat in the cross section of TEM sample, which has a thickness around 100 nm, so that we can observe its edge and cross section of wrinkled part cut of the TEM sample. Based on the observation of TEM images, GOs were randomly distributed in the polymer matrix, including both in-plane, and normal to TEM sample.
Mechanical behavior of 3D stereolithography printed complex structures
We also investigated the mechanical performance of various 3D GO-reinforced structures. The 3D GO structures shown in figure 3 are fabricated by SLA process with 0.5 wt.% of GOs. In order to quantify the mechanical behaviors, we subjected both the polymer and GO filled 3D components with different designs to in-plane compression test. The initial printed parts are shown in figure 3(b) and the structures after compression test is shown in figure 3(c) . The videos of the compression of the 3D structure with and without GO fillings are demonstrated in the supporting materials. Representative forcestrain curves are shown in figure 3(a) . It needs more force to compress GO filled parts in order to achieve 10% of strain. The strengthening effect was caused by the stress concentration around GO and between them [53, 54] . The strain between nanofillers can be around 200% of strain when compared without nanofillers [53] . We conducted compression tests with 20% strain which provide more interesting information. GO-filled parts achieved the highest compressive force before reaching 20% of strain. During the compression test, the major failure modes of polymer parts are elastic wall buckling, node rotation and tensile failure. The 3D GO structure was broken into five sections, which are shown in figure 3 (e). It is due to shear stress developed during compression in the truss structure and the stress concentration around the GO nanofiller and polymer crystal.
In order to further investigate the mechanical behavior of GO-filled parts, a triangular honeycomb shape structure was built up by the same 3D printing process. The scaling laws governing the elastic modulus and strength of cellular materials are well established [55] : c 1 = when the cell walls fail in uniaxial tension or compression, and c 2 = when the cell walls fail via elastic buckling. The mechanical behavior of such structures depends on the properties of base material, architecture and relative density [56] .
The force-strain curve, with 10%, 20% and 40% strain, of GO reinforced 3D structure is shown in figure 4(a) . The whole test process is shown in supporting video 1 and supporting video 2. Figures 4(b)-(d) shows the initial truss structure, 5% compression and 10% compression, respectively. The buckling deflection, as shown in figure 4(b) , is the major deformation when under compression to 10% strain. After the compression test with 10% strain, we further conducted compression test with 20% strain. The node rotation failure, which is shown in figure 5(a) , was firstly happened beyond the strain of 10%. For the whole truss structure, the stress concentration was located at the node. From the microstructure side, the stress was concentrated around the nanofillers. The failure caused by the stress concentration at micro and macro level firstly occurred at the node. After that, the major failure only existed in the bottom two layers, which is the biggest difference when compared to the compression responses of pure polymer structure. GOs were randomly distributed in the cross section of 3D truss structures. There is a chance for one or few layers (randomly decided) that have larger stress concentration and then the stress was concentrated on that layer. The stress concentration caused the failure of the bottom two layers. During further compression, some more node failure occurred, as shown in figure 5(c) .
After removing the applied force, the truss structure recovered except the bottom two layers, which is shown in figure 5(d) . The truss structure was then compressed to 40%, a metal like shear strain was shown in figure 5(e) . There is a slip plane, similar to those in crystalline metal materials, in the GOintegrated truss structure, but not appearing in the non-GO reinforced composites. The shear stress at both sides of the truss structure caused the slip plane in the truss structure. After relief of the compression from 40% strain, we can see in figure 5 (f) that the truss structure was fully destroyed.
Conclusion
In summary, we have demonstrated the first stereolithography printed 3D graphene oxide structures with good mechanical properties, especially with improvement in both strength and ductility. With only 0.2% GOs, the tensile strength is increased by 62.2% and elongation increased by 12.8%. TEM results show that the GOs were randomly aligned in the cross section of polymer. We investigated the strengthening mechanism of the 3D printed graphene oxide structures in terms of tensile strength and Young's modulus. DSC was also utilized to study the changes in crystallinity of GOs polymer composites, which is the reason behind the high ductility of the 3D printed nanocomposites. Compression test of 3D GOs polymer composites reveals the failure model of GOs truss structures.
